A secreted product of activated neutrophils, NDS (neutrophilderived secretagogue), elicits a short circuit current (Isc) in epithelial monolayers derived from the human intestinal cell line T84 (J. Clin. Invest. 1991. 87:1474-1477. Here, we identify and characterize the source of this Isc and examine associated signaling pathways. 125I efflux studies suggested that NDS activates an anion conductive channel. Bidirectional 22Na MCI flux studies showed that electrogenic Cl-secretion fully accounts for the NDS-induced Isc response. NDS behaved in many respects as a cAMP-mediated secretagogue: NDS did not further increase maximal cAMP-induced Cl-secretion; NDS potentiated Ca2+-mediated Cl secretion; and NDS elicited measurable 1251 but not 1Rb effluxes. However, NDS did not elicit a detectable rise in intracellular cAMP. Such data suggest that NDS may elicit Cl-secretion by effecting distal events in the cAMP-mediated pathway. Data derived from cell volume assays of isolated guinea pig intestinal crypt cells indicated that NDS also directly elicits Cl-secretion from natural intestinal epithelia. Additionally, since NDS activity is released from PMN by stimuli normally present in the colonic lumen, since NDS is active when applied apically to this model intestinal epithelium, and since the NDS-elicited Isc response is indicative of electrogenic chloride secretion, we speculate NDS may contribute to the secretory diarrhea encountered in many patients with inflammatory intestinal disease. (J. Clin. Invest.
Introduction
Many diseases of the human intestine are, in the active phase, histologically characterized by infiltration of the crypt epithelium by PMN (1) (2) (3) . PMN subsequently collect in the crypt lumen to form "crypt abscesses." Since the colonic lumen normally contains bacterial derived products such as endotoxin (4) and N-formylated peptides (5) in concentrations known to trigger both PMN respiratory burst activity (6) and degranulation (7) , the PMN that collect in crypt lumens are likely to be activated. As a result of such activation, PMN produce a plethora ofproducts ranging from oxidants to proteases (7) . A few ofthe PMN-derived products, in isolated purified form, have been shown to affect transport characteristics of native or model intestinal epithelia (8, 9) . However, it is less clear which ofthese products might be of potential clinical significance, since concentrations of these products in crypt abscesses are unknown, and doses required to obtain a secretory response may not be physiological. Furthermore, PMN products often display interactive effects which would not be predicted by the effects ofthe individual products.
Recently, we modeled the intestinal crypt abscess (10) by placing purified human PMN over T84 monolayers, a model human intestinal cell line with crypt-like phenotype (1 1) and function (12, 13) . When PMN and epithelial cells were combined, using cell ratios known to occur in crypt abscesses, no substantive effects were noted on epithelial function. In contrast, when PMN were subsequently exposed to activating conditions similar to those naturally present in the lumen of the human colon, T84 cells responded with electrogenic ion transport, as indicated by stimulation of a short-circuit current (Isc) .' This PMN-elicited Isc presumably represents C1-secretion, the transport event that serves as the basis for secretory diarrhea (14) . This novel neutrophil-derived secretagogue (NDS) activity did not require PMN-epithelial contact, and was present in the cell-free supernatant derived from activated PMN (10) . NDS appeared to be hydrophilic, acid, and heat stable, and, by filtration, exhibited an approximate molecular weight of 500 or less. Inhibitor and/or extraction studies suggested NDS activity was not attributable to "likely" PMN-derived candidate products such as those of the respiratory burst, proteases, or protease products, or arachidonic acid metabolites. Lastly, the Isc response to NDS exhibited a polarity opposite to that reported by others for potential small mediators such as adenosine (15) and monochloramine (9) 
Methods
Approximately 400 monolayers were used for these studies. Confluent monolayers ofthe human intestinal epithelial cell line T84 were grown on collagen-coated permeable supports and maintained until steadystate resistance was achieved, as we have previously described (1 1). The majority ofmonolayers were like those for which we have developed a microassay (16) . Measurements of transepithelial resistance, voltage, and short-circuit current were as previously described (11, 16, 17) , and were carried out after monolayers were washed in HBSS. HBSS was used in both reservoirs. Bidirectional flux studies were conducted in modified Ussing chambers, as previously detailed (1 1 (20) . NDS-conditioned HBSS was obtained by stimulating PMN at a density of 10' PMN/ml, in one of two ways: (a) with 0.1 g/ml phorbol myristate acetate (PMA) for 20-40 min at 37°C; or with (b) PMN coexposed to endotoxin (LPS, 0.1 Isg/ml) and N-FMLP, I0O M for 20-40 min at 37°C. NDS-conditioned HBSS was passed through a 1,000 nominal molecular weight Amicon filter, by pressure under N2, to partially purify NDS activity (10) .
Measurements of cAMP and cGMP were performed on ethanol extracts of cells obtained from monolayers grown on permeable supports, using radioimmunoassay kits as directed by the supplier (New England Nuclear, Boston, MA). Briefly, cell-associated [cAMP] and
[cGMP] were determined on ethanol extracts ofmonolayers incubated at 37°C with NDS-conditioned HBSS for 10 min (n = 8), 119 nM cholera toxin for 75 min (n = 6), 200 nM E. coli stabile toxin for 10 min (n = 8), or HBSS alone for 10 or 75 min (n = 8). All extractions were carried out at 4°C and timed to coincide with peak Isc activities, as determined by electrical assays. The time course of cholera toxin-induced [cAMP] closely correlated with the time course ofcholera toxininduced Isc. In subsets ofexperiments, the phosphodiesterase inhibitor 3-isobutyl-1-methyl xanthine (IBMX, 1 mM) was included in a preexperimental 15-min wash (370C), and also added with the cAMP agonist forskolin (10-6 M) or NDS. After 8 min, ethanol extracts were obtained as above for cAMP. Cytosolic-free calcium was measured by a Fura-2 fluorescence assay ofcells on permeable supports, as detailed by Wasserman et al. (21) .
Crypt epithelial cells from the jejunum of adult (200-300 g) male guinea pigs were isolated by sequential collection of a hyperosmolar, Ca2+-free perfusate (22) . These cells were enriched 12X (P < 0.001) in thymidine kinase, and had diminished alkaline phosphatase activity (P < 0.001) and homogenous but reduced cell size (328±15 fl, P < 0.001), in comparison with comparably isolated villus cells (23) . In HCO3-buffered RPMI 1640 medium at a density of 1-2 x 0I cells/ml, 99.1±0.1% (n = 9) of the cells excluded trypan blue 5 h after suspension. Cell volume was measured using a counter and a channelyzer (model Zm and model C-256, respectively; both are from Coulter Electronics, Hia- leah, FL), as previously described (24) . NDS was prepared as described (10) , and added in 10' dilution to crypt cells suspended in Na'-medium containing (mM) 140 NaCG, 3 (13) , given the lack ofdetectable intracellular signals typically associated with Cl-secretion (see below) and the apical responsiveness of the NDS effect, it was necessary to define the basis of the Isc response. As shown in Fig. 2 , NDS elicited 1251 efflux from T84 monolayers, indicating opening of an anion conductive pathway (P < 0.02 for period 3 vs period 5, n = 7). The gradual decrease in the rate constant of 1251I efflux before addition of the agonist has been shown to be due to depletion of a small amount of label trapped in the paracellular space (16) . The onset of 1251 efflux corresponds to the on-rate of the NDS response shown in Fig. 1 .
As shown in Fig. 3 , measurement ofunidirectional fluxes of Na+ and C1-show that NDS elicits a net secretion of Cl- 10-6 M with NDS to subsets ofexperiments. While the NDS preparation used for these experiments elicited 18±4 AA * h-' cm-2 activity, those exposed to 8-phenyltheophylline had no response (< 2 tAA h-' cm-2 at both doses, n for each group = 6, P < 0.05). Preliminary characterization (data not shown) has ruled out adenosine and ATP as possible sources for NDS activity.
NDS effects on second messengers. As shown in Fig. 4 (27) . Indeed, stimulation through one pathway while the other is saturated has potentiating rather than simply additive effects on Cl-secretion (27) . Fig. 6 shows NDS (all n = 4).
that Cl-secretion elicited by basolateral 8' bromo cAMP is saturated at 3 mM. As shown in Fig. 7 , NDS has no further effect on the CF-secretory response under conditions in which cAMP-elicited Cl-secretion is saturated (52±3 vs 51±2 ,uA * cm-2 for 3 mM cAMP vs 3 mM cAMP + NDS). In these experiments NDS alone elicited a 19±3 ,A -cm-2 Isc. In contrast to the findings above, carbachol, which stimulates Cl-secretion via a Ca2+-mediated pathway (21) , elicits an additional C1-secretory response (27) even when the cAMP response is saturated (Fig. 8) . Similarly, monolayers exposed to NDS and subsequently to carbachol responded with a substantial increase in Isc (Fig. 8) . Moreover, NDS, like cAMP, potentiated the carbachol-elicited Isc (19±6 uA cm-2 greater response of NDS + carbachol stimulation than predicted by a simple additive response). Fig. 9 shows that the addition of NDS and 3 mM cAMP had no effect on the subsequent response to carbachol, as compared with monolayers preexposed to cAMP alone. Lastly (Fig. 10) , the PMN agonists (PMA or FMLP-LPS) used to generate NDS were irrelevant to the potentiating effect of carbachol on the NDS response, and these agonists alone had no effect on the cAMP-or carbachol-elicited Cl-secretion (data not shown). These data indicate that, with respect to the interplay with Ca2`-mediated CF-secretion, NDS again shares similarities to the cAMP-mediated secretory pathway. Experiments in which either PMA-or FMLP/LPS-exposed monolayers were subsequently exposed to either cAMP or carbachol showed "synergistic" responses with either agent, which were not due to these PMN agonists alone (data not shown).
To further compare the pattern ofsecretory activation elicited by NDS with that elicited by C(a+ and cAMP agonists, 1251-and ssRb efflux studies were performed. As shown in Table I , NDS predominantly elicits 1251, as does the cAMP agonist forskolin. In contrast, the Ca2' agonist carbachol predominately effects ssRb efflux with relatively small increments in 1251 efflux. The positive control data (forskolin and carbachol) are consistent with those reported by Frizzell and colleagues (19) . As shown in Table I , the two patterns of activation (predominantly 1251 efflux for cAMP and NDS; predominately 86Rb efflux for Ca2+) can conveniently be conveyed as a ratio relating agonist-induced 1251 to 86Rb efflux. Thus, the pattern of NDS on 125I and "Rb effluxes again mimics that ofcAMP activation of CF-secretion.
NDS directly elicits CL secretion from freshly isolated mammalian crypt cells. We next sought to examine whether NDS elicited Cl-secretion by direct means from nontransformed mammalian crypt cells. The effect of NDS on isotonic jejunal crypt cell volume is illustrated in Fig. 11 . 
Discussion
When activated by conditions similar to those normally present in the colonic lumen, PMN secrete a small hydrophilic product, trivially denoted NDS, which elicits a Isc response when applied to T84 cells (10) . We, therefore, speculate that NDS activity is likely to be present in the so-called crypt abscesses that characterize many active inflammatory intestinal diseases. In the current study, we explored aspects ofthe intracellular signaling related to this NDS-elicited Isc response, and because our findings were unexpected, it was necessary that we clearly identify the transport event underlying the NDS-elicited Isc. 1251I efflux, a macroscopic assay of Cl-conductive pathway (19) (12, 13) . With an exception to be noted below, the plethora of secretory agonists studied in this model system elicit Cl-secretion by actingthrough intracellular signaling cascades that either elevate intracellular Ca2" or the cyclic nucleotides cAMP or cGMP (25) (26) (27) . It is now clear that these two basic signaling pathways eventuate in Cl-secretion through two distinctive Cl-conductive pathways on the apical membrane (26) . One, activated by cAMP, just recently has been recognized to be characterized by a linear current voltage relationship (26) comparable with that recently reported for cGMP (28 (30) , suggesting NDS also activated a C1-conductance in natural crypt cells. Moreover, we selected the approach of examining Cl-secretion in isolated crypt cells, since it allows one to conclude that the NDS-elicited response in natural crypt epithelial cells is due to a direct effect, rather than an indirect one acting through subepithelial components. We conclude the secretagogue activity of NDS is not restricted to intestinal cell lines such as T84.
The ability of NDS to elicit substantial cAMP-like currents without detectable increments in cAMP is reminiscent ofadenosine-induced Cl-secretion (32) . The data previously reported by us compared with that reported by Barrett et al. (15) would suggest that NDS is distinct from adenosine, since the reported sidedness ofthe responses would appear to differ. More importantly, however, preliminary characterization has ruled out free adenosine or ATP as possible identities for NDS activity in the isolated PMN supernatants. Further studies on the molecular isolation and characterization of NDS are underway. However, since 8-phenytheophylline inhibits the NDS affect, it is possible NDS, or a metabolic product of NDS generated at the cell surface, affects purinergic receptors, as does adenosine. It is also clear currently that NDS is small (< 500 nominal mol wt), heat and acid stable (unlike ATP), hydrophilic, and not representative ofPMN-derived oxidants orarachidonic acid metabolites (10). The above findings are compatible with distinctive hypotheses to be tested in the future: (a) NDS elicits a unique Cl-current distinct from cAMP, but with many cAMP-like characteristics; (b) NDS elicits cAMP-mediated Cl-secretion by affecting a restricted cAMP pool that cannot be detected with the assay used; (c) NDS stimulates the cAMP-regulated Cl-channel, but acts in the signaling cascade at a site distal to cAMP, perhaps by directly affecting this channel or a closely associated regulatory element. Given our previous findings of preferential apical effects ofNDS, this last possibility is intriguing. Whichever hypothesis proves correct, these data indicate that NDS elicits Cl-secretion in a potentially novel fashion, an observation which may in itselfprovide insights into regulation of Cl-secretion. We speculate that this PMN-derived bioactivity may contribute to the secretory diarrhea observed in patients with active intestinal inflammation.
